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ABSTRACT
The Jesrgn of a single stage axial-flow turbine with a tip dlameter
of 11.15 cm Is'pfeséﬁtéd'in this réﬁq_;.“ The_design specifications are
given and the aerodynamic .design procedure s described. The aero-
dynamic information reported. Includes the results of flow path, velocity
diagram, and blade profile studies. Predicted off-design performance

characteristics are also presented.
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The Energy Research and Developnient Agency (ERDA) ls oonductlng a
program to demonstrate a ges turblne powered automoblle that meets
the 1978 Federal Emissions Standards with acceleration characteristics
and fuel economy that are competlitive with current conventionally
powered vehlcles. In part, the program consists of designing a new
gas turbine englne for a compact passenger vehicle to meet the program
obj'e'ctwes.l The turbomachinery components for the new or typgraded"
engine have been designed at the Lewis Research Center. The aero-
dynamlc design of the compressor-drlve turbine ls preeented herein.

The compressor-drlve rurblne Is a sing!e stage axlal flow deslgn
It is similar In conf!gurat!on to the compressor-drlve turblne of the
existing sixth generation or 'basellne" gas turbine manufactured by
the Chrysler Corporation. However, the engine mass flow has been
reduced to 0.598 Kg/s, which is 60% of the baseline value, and the
turbine Inlet temperature was Increased from the baseline value of
1283 to 1325 K. The work factor was reduced from 2.5 In the basellne
turbine to 2.1 in the 'upgraded" turbine, which could result In an
improvement in efficiency. A turbine total efficlency estimate of
0.85 was used for the design. The 'upgraded" turbine has a radius
ratio of 0.7973 and a tip diameter of 11.15 em.
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INTRODUCTION

The Energy Research and Development Agency (ERbA) Is conducting a
program to demonstrate a gas turbine powsred automobile that meets
the 1978 Federal Emissions Standards with acceleration characteristics
and fuel economy that are competitive with current conventionally
powefed vehicles.  Part of this program Involves an evaluation of mid-
size_passenger vehicles powered by the éxlstlng sixth generation gas
turbine manufactured by the Chrysler Corporation. Another part of
the program consists of the deslgn of a new engine for a smaller
vehicle to meet .the emission objective of the progran with a significant
Improvement In vehicie fuel economy.

The existing or 'baseline' gas turbine engine delivers 112 KW In 2
2000 Kg vehicle. The new or '‘upgraded" gas turbine engine will deliver
75 KW In a 1600 Kg vehicle with the capability of brief power augmenr-
tatfon to 90 KW through the use of variable guide vanes and water
injection at the compressor Inlet. Improved fuel economy of the up-
graded engine and vehicle will result from the reduced vehicle size
and vehicle power-to-weight ratio, and possible Iimprovements in com-
ponent efficiencies.

The turbomachinery components for the "'ypgraded" engine have been
desligned at the Lewls Research Center. These Include the compressor,
the compressor-drlve'turblne, the power turbine, the duct between the
turbines, and the turbine exit diffuser. The aerodynamic design of
the compressor-drive turbine is presented herein, ‘The aerodynamic
designs of the compressor and power turbine are detalled in references

| and 2, respectively. Also Included In reference 2 are the transition
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'I'hls roport eom:olns tln dulgu spcclﬂcatlom of tho m_:usor-
drlvo tu:hl.m and & dcscrlptlon of tho urodymmlc dulgn proudure o
“ - The umdynamlc Information Includes the results of the
flow patl\ and voloclty dlagnm studlcs, the. appmch ‘taken In the

rofiles, and ff-deslgnaorfomnce estimates.
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SYMBOLS

blade 'profile cross-sectional éi;ea“, anz

blade traillng edge blockage, Tﬂ')‘s C'Osb(b‘“
blade chord, cm

suction surface diffusion, 1 - “Ex’“g,max

pressure surface diffusion, 1 - ub’m'nlv'n
specific work, J/kg

blade height, cm

pressure, N/cm2

radial distance from axis of rotation) cm
stator reaction, | - (\'I'OIVI)'2

rotor reaction, 1 - (wl/uh)z

blade pitch, cm

blade trailing edge thickness, cm
blade speed, m/s

absolute fluid velocity, m/s

mass flow, kg/s

fluld velocity relative to blade, m/s
exial coordinate, cm

tengential coordinate, cm

absolute flow angle, deg

flow angle relative to blade, deg

speciflic heat ratio

ratio of turbire Inlet to U.S. standard sea level atmospheric
pressure, Pallo.lzzs
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€ aific hest ratio saulustence parameter
amac /Ty 7% \Y <1.~‘1)]
T13% /[ % ( --,‘MA)
7? efficlency
-] squared ratio of turbine Inlet to U.S. standard sea level

atmosphere critical velocity, '(‘Qn,g’/?lb»‘.ﬂ)z

v | ca;ffiélent of aerodynamic loading, see App. B of reference
n turbine wheel speed, rad/s
Subscripts:
b “condition inside flow channel at blade inlet or exit
Ck - conditions at Mach |
des design point ,
eq equivalent condition i .'
ex blade exIt |
h hub
in blade inlet
m mean
max maximum value
g . min minimum value
13 P pressure surface
'wg s suction surface
- % t tip
-4 0 axlal siatlon at stator Inlet (figure 1)
| { 1 axtalistatlon at stator exlt or rotor inlet (figure 1)
| 2 axlal station at rotor exit (figure 1)
Superscript:

' total condition
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DESIGN ‘SPECIFICATIONS ... ..

The aerodynamic design of the upgraded compressor-drive turbine
is not markedly different from the baseline machine. Both turbines
are small single stage axlal flow machines. The design conditions
of the upgraded turbine are listed in Table I. These design condl-
tions are.similar to the baseline engine conditions with two excep-
tions. The design gas flow of the baseline turbine was l.ois kg/s
compared to 0.598 kg/s for the upgraded turbine. Also the turbine
Inlet temperature of the upgraded turbine was increased from the
baseline turbine value of 1283 to 1225 K.

For reasons of component packaging, mechanlcal design and engine
response time several design constraints were Imposed on the aero-
dynamic design. These constraints are .‘sted In Table Il. The work
factor (l&h/U:) was 2.5 and 2,1 for the baseline and upgraded tur-
bines, respectively. It was estimated that this decrease in work
factor of the upgraded turbine would correspond to about a one point
improvement In efficiency. Another point Increase in efficiency
could result by reducing the work factor to 1.8. However, as this
parameter s reduced the turbine diameter and polar amount of inertia

increase, increasing the engine response time to a gas pedal change.

Consideration of these opposing factors by the ERDA lead to the selec-

tion of a 2.1 work factor design. A single stage axlal flow design
was mandated so that the packaging of the upyraded components would

be similar to that of the baseline engine. The stator inlet angles

were specified to match the swirl distributfon in the tangentisl entry
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Table 11, with

Inlet manifold. The remaining constralnts 1isted in

the exception of the rotos tralling edge blockage, were selected for

mechanical 'and fabrication reasons. An upper limit of rotor tralling
edge blockage was specifled to preclude a large aerodynamic loss at

the rotor exit.

e
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FLOW PATH AND VELOCITY DIAGRAMS - -~ -

The upgraded mréssbr-cirive turbine was designed with- & constant
mean dlameter of 10,008 an and cylindrical (l.c.,.no fiire) hub and
tip endwalls. The turbine flow path in the radial-axial plane Is
shown in figure 1. The rotor tip was recessed In the casing .012 cm
beyond the stator tip radius. The rotor tlp radial clearance was fixed
at .0254 cm which 1s 2 1/l percent of the blade height. The hub and
tip radil were determined so that the blade hub centrifugal stress did
not exceed 16900 Nlcmz. v

With_this flow path geometry and the design conditions specified
in Table I; the deslgn point performance was analyzed using the computer
program described In reference 3. This program computes the turbine
velocity diagrams for a glven set of design requirements, and speclified
meridional velocity gradients at the stator and rotor exits. The pro-
gram calculates the turbine efficiency based on a correlation of stator
and rotor losses. The calculated efficiency may be modified by specify-
ing multiplying factors for the stator and rotor losses. Since the
loss correlation in the computer program is more applicable for turbines
that are a":nslderably larger In size than the subject turbine, a sepa-
rate assessment of the turbine efficiency was made.

Tvo separate estimates of turbine efficiency were made. The experi-
mental data énrre!aied by Smith, reference L, was used for one estimate.
The base value of .efﬂclency from this reference was adjusted downward
after estimating the effect of tip leakage, Reynolds number, and turbine

size. The adjusted efficlency was .858. The second estimate of turbine
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efflclency utlllzed the loss data presented ln reference S and the
; equatlons of reference 6 The tetel eff!elency celeuleted by thls
method was .841. Based on these two estimates an:efflclency of .85
was selected for the turbine and appropriate loss multipliers were
coded Into the turbine design program.

For the flow path geometry and total efficiency selected, a

5, . _
et s et n e a Rt o o 2o

é‘ R series of design velocity diagrams were calculated. In this deslign,
: the off-design performance was equal In importarnce to the design per-
formance since the gas turbine engine must operate economically over
. “é a range of conditions from engine idle to the design output of 75 KW.
- Therefore, once an acceptable velocity diagram was obtained at the
deslign speed, turbine performance calculations were made at 50 percent
‘}% turbine speed (this corresponds to the engine idle condition). Of
' j prime importance was to minimize the turbine exit swirl at the design
é condition while maintalning a high efficlency with 1ittle or no static
| pressure Increase across the rotor hub at engine idle. The final

design veloclty diagrams are glven In figure 2. These velocity dia- j

i;'fg grams reflect all aerodynamic losses except the tip clearance loss.

, A tabulation of the final values of swirl, efficlency and rotor reaction

for the 75 KW and engine Idle conditlons is glven In Table Il1l. The ' ‘
stage reaction, defined as the ratio of relative kinetic energy change

across the rotor to specific work, was 36 percent.
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STATOR AND ROTOR BLADE DESIGN

A series of calculations were undertaken to choose the stator axlal
chord at the hub, mean, and tip sections. With the stator blade number
being set by manufacturing considerations at 15 blades, the flow channel
exit angles and throat dimensions necessary to meet the design veloclty
diagrams were calculated. Baslc stator geometry parameters, such as
spacing, throat, and Inlet and exit angles, were used to develop a
serfes of layouts at hub, mean, and tip. Sta:. blade layouts were
chosen to minimize axial chord while gliving sufficient gulded chaﬁnel
between stator blades. The resulting solldities were 1.123, 1.103,
and 1.08% at the hub, mean, and tip respectively. The optimum solidities,
based on the information In reference 7, range from (.18 to.32. The
blade loading coefficients, § , at the hub, mean and tip were .568,
.66k, and .745 respectively.

The stator profiles were developed by an lterative procedure
Incorporating the use of two computer programs. One of the programs
used s described In reference 8. This program, TSONIC, caléulates
the two-dimensional flow fleld between adjacent profliles. One of the
input vartables needed for this program is the variation in stream
sheet thickness from Inlet to exit. The second computer program,
CHANEL, described In reference 9, was used to determine accurately
the stream sheet thickness Inside the blade channel. This program
also provides a three-dimensional continulity check. The procedure
followed was to calculate the stator surface velocities at the hub,

mean, and tip with TSONIC, initlally assuming a linear verfation in
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stream sheet thlckness; The stator profile was then altered, 1f needed,
and the surface velocities recomputed untll & smooth transition in sur
face velocity resulted with a minimum of suction surface diffusfon.
CHANEL was then used with these profiles to calculate an accurate
varfation in the stream sheet thickness, which In turn was then vsed
in TSONIC In place of the initlally assumed 1inear varfation. The sur-
face velocities calculated with TSONIC using the nonlinear varlation in
stream sheet thickness were used to make any subsequent changes to the
profiles., This lteration process was repeated until a satisfactuvy
surface veloclty distributlon was obtsined. The flnal stawcs :G;Jé
profiles and coordinates are given in flgure . "whe surface. veiocities
are shown In figure 4, and & summary of ﬁhe‘sfator aerodynamic desiygn

is presented in Table IV.

ROTOR
The rotor axlal chords at hub, mean, and tip were determincd by

selecting a hub section blade loading coefficient, ¥ , of 0.85, which
is slightly higher than that recommended in reference 7. The higher
loading parameter was chosen to reduce the axlal chord and blade num-
ber. A range of axial chords and corresponding blade numbers were
calculated. A blade number of 56 was selected. The blade loading,
¥ , was Increased to 0.90 at the tip to insure adequate blade taper
in the flnal conflguration. The axlal chords at hub, mean, and tip
were 1,100, 1,029, and 0.957 cm respectively. Finaliy, the leading
and tralling flow channel angles, velocities, and throat dimensions
were calculated at hub, mean, and tip. Using the minimum allowable
tralling edge thickness, & hub tralling edge blockage of 11.4 percent

was zalculated.

T - T T e s (R e e e s e o ren weei T




14
The-design pnocédure.followéd‘to develop the blade profiles Is

similar to that used In deslgnlng_the stator profiles. Inltial TSONIC

calculations at the hub section Indicated a choked conditlon, at the

inlet, for blade angles equal to or_greater than_the relative inlet
gas anglé. Small decreases in the inlet blade angle (resulting in
positive incidence) relleved the choking problem and also Improved the
blade surface velocity distributions. However, this change In inlet
blade angle added to the positive incidence at other turbine operating
conditions, and In particular at idle, which was considered Important.

To minimize rotor loss due to incidence at the hub, the maximum amount

of positive incidence permitted with minimum loss was estimated-using
the procedure described In reference 10. A maximum positive Incidence

of 7 degrees was calcilated. Between the design and idle conditions

A e S Tt R S L T L

the positive Incidence at the.hub Increased by approximately 3 degrees.
Therefore, only hub sections having L degrees or less positive incidence

were considered. The final hub section had +3 degrees incidence at

2 SR A ST AT

design conditions and therefore +6 degrees Incidence at tdle. The mean

e A T

and tip sections had zero and -2 degrees Incidence at design conditions
r respectively. The final rotor blade profiles and coordinates are shown
| in flgure 5 and the surface velocity distributions are given in flgure
6. A summary of the rotor aerodynamic design characteristics Is pres

sented In Table V. 1t should be noted that the sections labeled "hyub'!

T4

and "tip" in Table V and figure 5 are nominal hub and tip sections.

The exact radil of the hub, mean, and tip sectlons are b.445, 5.010,

and 5.575 cm (see figure 1),
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OFF-DESIGN PERFORMANCE EST(MATES . _

As noted In the preceding seéctions, the turblne off-design perform~ .
ance was utilized In the design of the compressor-drive turbine. These
off-des!g,ﬁ calculations were obtalned with the computer program described-..
in reference 11, Calculations were made for rotor speeds from 50 to 100
percent of the design speed and for-a range of total-to-total_pressure
ratios_up to 2.6. The results of these calculatlons are glvén In fléure
7 in terms of the equivalent conditions. The parameters plotted are
specific work (4h/6) and weight flow (WV8'€/© ) versus the total-to-
total pressure ratio, and efficlericy ('7‘) versus. the work factor

(A.h/u:). The design and idle conditions are shown on these plots.
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TABLE |
TURBINE DESIGN CONDITIONS

R A B R LA OB EN TIRR SR AR TN

e B R BRI S S 2 SR LT

ENGINE EQUIVALENT
CONDITION CONDLTION

lnlet Temperature, K i325 288,15
inlet Pressure, Wenl sbs . 39.75 1013
Mass Flow, kg/s 0.598 0.335
Rotative '§pe'ed, ‘rad/s 6126.1 i 2895. 5
Power, KW 118.2 4. 84
Specific Work, J/kg | 198119 W4351.7
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TABLE 11
DESIGN CONSTRAINTS

work factor,.lkh/U%
Single stage axial flow
Stator inlet gas angles, degrees

hub
mean

tlp
Rotor radial tfﬁ clearance; cm
Rotor taper ratioy Ap/Ay

Minimum trailing edge thickness, cm
Maximum blade centrifugal stress, N/ em?

Number of stator blades

Maximum rotor t.e. blockage, B
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TABLE" 111
COMPARISON OF SELECTED VELOCITY DIAGRAM PARAMETERS |
AT ENGINE DESIGN AND IDLE CONDITION :
ENGINE ENGINE
DESIGN IDLE
inlet. temperature, K 1325 14
) inlet pressure, N/cin® abs___ 39.75 = ..... 1478
o Rotative speed, rad/s 6126.1 3063. 1
Pressure ratio, p&/pi 1.94 1.23 g
! Total efficiency,?’ .85 .858
| Exit swirl, deg -21.1 -19.9
| 1
Rotor hub static pressure 1.173 1.0 .
i _
; ' Rstsr hub reactlion, “ro,h . 207 -.185 |
i :
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TABLE

v

\ COMPRESSOR_DRIVE TURBINE STATOR DESIGN PARAMETERS

PROFILE RADIUS, r, cm

AXTAL CHORD, cm

CHORD, C; cm

PITCH; s, cm

SOLIDITY, C/s

THROAT, cm. .

PROFILE CROSS-SECTIONAL
AREA, A, cm?

LEADING EDGE RADIUS, cm

INLET BLADE ANGLE, deg

INCIDENCE, deg

TRAILING EDGE RADlUS,

EXIT BLADE ANGLE, deg

TRAILING EDGE BLOCKAGE,

REACTION,
AERODYNAM!C LOADING,
SUCTION SURFACE DIFFUSION,

Ds
PRESSURE SURFACE DIFFUSION,

D

BLADE NUMBER

TAPER RATI0, An/At
BLADE HEIGHT, h, cm
ASPECT RATIO, h/Cm
RADIUS RATIO, rh/r¢

HUB

L, LS
1..067
2.091
1.862
1.123
0.740

. 265

. 0635
50.1
-2.0
0.0191

0.050
. 568
.020

.029

z
| |
3
MEAN TIP
5.004 5.563
1.168 1.270
2.311 2,525
2,096 2.330
1.103 1.084
0. 841 0.928
27 .329
. 0635 . 0635
46. 7 b3.6
-2,0 -2,0
0.019} 0.0191
65.2 65.5
0. MB o. 0"‘0
.813 . 800
. 664 . 745
* 029 . 03'
16 .168
15
0. 804
.18
0. L8B4
.799
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TABLE V..
COMPRESSOR DRIVE TURBINE ROTOR DESIGN PARAMETERS

" HUB MEAN
PROFILE RADIUS, ry, cm 4. 458 5.010
AXIAL CHORD, cm 1..100 1.0287
CHORD, €; cm 1.104 - 1.043
PITCH, s, cm 0. 5002 : 0.5621
SOLIDlTY, ¢/s-- 2,207 1.856
THROAT, 0. 2952 3186:
PROFILE CROSS-SECTIONAL .1368 .1100

AREA, A, cm? ,
LEADlNG EDGE RADIUS, cm .0356 .0331
{NLET BLADE ANGLE, deg 49.13 L4s.73
INCIDENCE, . deg +3.0 0o
TRAILING. EOGE RADIUS, cm 0.0191 0.0191 "
EXIT BLADE ANGLE, deg -48, 22 -50. 61
TRAILING EDGE BLOCKAGE, 0.114 0.107

B
REACTION, Rpo .217 .537
AERODYNAMIC LOADING,#— . 866 . 889
SUCTION SURFACE DIFFUSION, . 151 A7k

D¢
Passsune SURFACE DIFFUSION, .52 .515
sLABE NUMBER 56
TAPER RATI0, An/A¢ 1.47
BLADE HEIGHT, h, cm 1.13
ASPECT RAT10, h/Cp 1.08
RADIUS RATIO, rh/rt 0.797.

TIP CLEARANCE, cm 0. 0254

PO SNUPY

TIP .

5.563
0.957
. 9907
62‘!2
1.587

. 3408
. 0931

. 0305
39.62
-2.0
-520 63
0.101

.725
.908
.158

.509
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